Self-organized molecular films with long-range quasiperiodic order have been grown by using the complex potential energy landscape of quasicrystalline surfaces as templates. The long-range order arises from a specific subset of quasilattice sites acting as preferred adsorption sites for the molecules, thus enforcing a quasiperiodic structure in the film. These adsorption sites exhibit a local 5-fold symmetry resulting from the cut by the surface plane through the cluster units identified in the bulk solid. Symmetry matching between the C60 fullerene and the substrate leads to a preferred adsorption configuration of the molecules with a pentagonal face down, a feature unique to quasicrystalline surfaces, enabling efficient chemical bonding at the molecule-substrate interface. This finding offers opportunities to investigate the physical properties of model 2D quasiperiodic systems, as the molecules can be functionalized to yield architectures with tailor-made properties.
Q uasicrystals (QCs) were discovered in intermetallic compounds by D. Shechtman, Nobel Prize in Chemistry 2011. 1 They possess long-range order but no translational invariance. They are a special class of complex intermetallics, in the sense that their unit cell is of infinite dimension. QCs have a fascinating beauty associated with forbidden symmetries, like five-, 10-, or 12-fold rotational symmetries not found in periodic systems. Today, the field is very active, and QCs are being discovered in a broad range of systems. Hundreds of intermetallic compounds with quasiperiodic structures have been identified in phase diagrams. 2 But QCs are no longer restricted to intermetallics. Soft QCs are an emerging field in colloidal and supramolecular chemistry. 3, 4 Perovskite oxide thin films with quasiperiodic structures have recently been identified, 5 and even water thin films have been predicted to adopt quasiperiodic structures under specific conditions. 6 In this article, we show that molecular films with long-range quasiperiodic order can also be grown by using clean QC surfaces as templates, thus extending the concept of QCs to an even wider materials field.
Thorough investigations of QC surfaces in an ultra-high-vacuum environment have led to the conclusion that they are bulk terminated at specific planes. 7, 8 For Al-based QCs, the selected terminations are dense Al-rich planes of the bulk structure separated by the largest interplanar distances corresponding to the lowest surface energy terminations. Low-energy electron diffraction (LEED) and scanning tunneling microscopy (STM) images reveal both the long-range quasiperiodic order and local atomic configurations corresponding to cluster building blocks used to described the bulk structure that are truncated by the surface plane. 9À12 Such terminations represent a complex potential energy landscape for any adsorbate landing on the surface. Nucleation and growth experiments of metal thin films indicated a heterogeneous nucleation mechanism at specific quasilattice sites acting as "trap" sites for the adatoms. 13 These trap sites may depend on the adsorbate, but, in most cases, they have been identified as local configurations resulting from bulk clusters intersected by the surface plane, either Bergman or Mackay clusters in the case of icosahedral (i)ÀAlÀPdÀMn or iÀAlÀCuÀFe phases. 13À15 In specific cases, the mechanism of preferential adsorption at trap sites leads to a pseudomorphic growth of the metal thin film, which is limited to the first layer(s). This has been observed for a few low-melting-point elements such as Pb and studied both experimentally and using simulations based on density functional theory (DFT) calculations.
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A quasiperiodic molecular overlayer would be even more interesting, as the molecules can be functionalized to yield model 2D systems with specific properties. However earlier attempts to produce such films failed due to the fact that the molecules strongly bond at the surface, leading to disordered structures, although some indications of preferred adsorption sites were reported at very low coverages. 19, 20 In this article, we report the successful growth of well-ordered self-organized molecular films on different QC substrates, achieved by high-temperature deposition. There is a delicate balance to fulfill because the deposition temperature should be high enough to induce sufficient diffusion of the molecules on the substrate while still being low enough to avoid polymerization or any other molecular transformations. We first describe the structure of the molecular films formed on different QC substrates as observed by LEED and STM. A detailed analysis of the pattern formed by the molecules indicates that they preferentially adsorb at 5-fold symmetric sites on the different substrates, thus defining an ordered inflated quasilattice with some disorder intrinsic to quasiperiodic structures. Then we describe the adsorption geometry of the molecules on the QC substrates based on DFT calculations. The bonding charge density at the molecule/substrate interface indicates covalent-like interaction, and the lowest adsorption configurations are achieved for C 60 molecules contacting the surface with a pentagonal face to match the surface symmetry, a feature unique to QC surfaces.
RESULTS AND DISCUSSION
Molecular films were grown by exposing the surface of Al-based QCs to a multilayer of C 60 , while maintaining the substrate temperature within a temperature window ranging from 623 to 673 K. This temperature range is above the multilayer desorption temperature; therefore only the first layer remains on the surface. We also checked that no change in the C 1s core level line shape was observed by photoemission spectroscopy upon annealing a single layer of C 60 up to 700 K, indicating that no polymerization or fragmentation of the molecules takes place in this temperature range. Figure 1a shows a LEED pattern of the 10-fold surface of the decagonal (d)ÀAlÀNiÀCo QC before deposition. It is characterized by rings of 10 diffraction spots of equal intensity having radius scaling as a power of the golden mean τ. The LEED pattern of the molecular film (Figure 1b) shows similar characteristics, but the number of intense diffraction rods intercepted by the Ewald sphere is larger. It indicates that the C 60 monolayer has self-organized into a 10-fold symmetric pattern. A similar diffraction pattern was observed for C 60 films grown on the 10-fold surface of the dÀAlÀCuÀCo phase. The real space structure of the film is shown in Figure 1c , where each molecule appears as a bright dot in the STM image. The small contrast variations correspond to a height difference ranging from 0.1 to 0.2 nm. Roughness analysis of STM images recorded at The pattern formed by the molecules can be understood in light of the surface model of the dÀAlÀCuÀCo phase. The crystallographic structure of this phase has been investigated by high-resolution transmission electron microscopy (TEM) and X-ray diffraction. 21 Several variants of the bulk structure model have been proposed, because different phases exist for different chemical compositions and in view of the difficulty in distinguishing Cu and Co atoms by X-ray diffraction or TEM. However, a robust feature common to all Al-based decagonal QCs is their description as 2D dense packing of partially overlapping columnar clusters. The clusters are 2 nm in diameter and extend along the 10-fold rotational axis (i.e., perpendicular to the surface plane). The atomic arrangement within the 2 nm clusters has 5-fold symmetry rather than 10-fold. 21 In particular, pentagonal atomic arrangements distributed at the node of a pentagon with edge length equal to 1.2 nm decorate their interior. Within the 10-fold planes, the cluster centers form the vertices of a 2D quasiperiodic tiling with decagonal symmetry used to describe the structure. A first report on the structure of the 10-fold AlÀCuÀCo surface concluded that it is bulk terminated. 22 The same surface has been reinvestigated recently using different techniques, and it was concluded that the top surface layer is Al enriched compared to the bulk composition. 23 Nevertheless, STM images show geometrical features consistent with a truncated bulk structure, with 2 nm clusters decorating the nodes of a decagonal tiling. It is striking to note that the dimensions of the pentagonal tiles formed by the molecular film exactly match the dimensions of the underlying quasiperiodic tiling. This suggests that the C 60 molecules preferentially adsorb at 5-fold symmetric sites, as shown in the model proposed in Figure 2 . The atomic structure of the dÀAlÀCuÀCo QC in the 10-fold plane is shown. One basic cluster unit is outlined, together with the 2 nm edge length quasiperiodic tiling connecting the cluster centers. The tiling consists of pentagon, boat, and star units (so-called P1 tiling). The observed molecular pattern can be reproduced by placing C 60 molecules at each cluster center on this model. Inside a pentagonal tile with an edge length of 2 nm, five additional molecules can be located on top of locally 5-fold symmetric sites, defining a smaller pentagon with an edge length of 1.2 nm, plus an additional one at the center. This reproduces exactly the most frequent motifs observed in STM images, i.e., a 2 nm edge length pentagonal tile decorated with a smaller centered pentagonal motif having a 1.2 nm edge length and pointing in the opposite direction. A fraction of the P1 tiling has been overlapped on the experimental image of the molecular film in Figure 1e . An excellent agreement is found with the proposed model ; even the star-shaped tile is reproduced in detail ; although there is some disorder in the experimental system (e.g., decoration of the pentagonal tile not completely ARTICLE achieved in some cases). We also note that the C 60 molecules adsorbed on top of cluster centers (i.e., at the nodes of the P1 tiling) have a darker contrast compared to C 60 adsorbed at other sites, indicating a different adsorption configuration. This may be due to differences in the configuration of the adsorption sites and/or to different orientations of the molecules with respect to the surface and/or to a different bonding with the substrate.
Molecular films with long-range quasiperiodic order can also be formed on 5-fold surfaces of iÀAlÀCuÀFe and iÀAlÀPdÀMn QCs. These two phases are described by the same structural model, although the chemical decoration is different. 24 If sufficient thermal energy is provided during the growth, the molecules can diffuse at the surface before being trapped by some preferred adsorption sites, and a well-ordered layer of C 60 molecules is obtained. This is demonstrated by STM images and LEED patterns in Figure 3 . Like for the clean surface, the diffraction pattern of the molecular film has 5-fold symmetry and is aperiodic, with diffraction spot positions presenting τ-scaling relationships. The number of intense diffraction spots for a given beam energy is larger compared to the clean surface. The local atomic structure of the film is revealed by STM images (Figure 3a) . Bias dependence of the STM contrast shows that there are (at least) two types of adsorption configurations. At positive bias, all molecules appear to have the same height, while at negative bias bright and dim molecules can be clearly distinguished, with a height difference equal to 0.1 nm. The FFT and autocorrelation of STM images demonstrate the structural quality of the film (not shown). The shortest intermolecular distance is again 1 nm. The most frequent local configurations are highlighted in Figure 3c . They are pentagonal motifs having 1.2 nm edge lengths centered by either a bright (b) or a dim (d) C 60 . We call these pentagonal motifs B and D (see Figure 3c ). The B and D motifs are pointing in opposite directions on a same terrace, and they keep the same orientation across different terraces. Similar observations were made for C 60 films on the i-AlÀPdÀMn substrate.
Here again, the pattern formed by the molecules can be understood in light of the structure model of the 5-fold surface (Figure 4a) . 25 The most frequent local atomic configurations recognized in STM images of the clean surface are outlined. They are the white flower (WF) and the dark star (DS) motifs. The WF motifs correspond to Mackay clusters truncated in their equatorial plane or hanging down from the surface plane. 9, 10 The DS motifs correspond to truncated Bergman clusters or truncated Mackay clusters with a central vacancy.
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The tiling connecting the WF centers is called the τP1 tiling. 17 It has an edge length of 1.26 nm and consists of pentagons (P), stars (S), and rhombi (R) tiles. The P tiles point in either the upward or downward direction. The P tiles having a DS motif in their center are all pointing in the upward direction in the model (Figure 4a ). Other P tiles contain more Al atoms in their interior. The dimensions of the P tiles are similar to the dimensions of the B and D motifs realized by the C 60 molecules. This indicates that the 5-fold symmetric sites at WF motifs act as trap sites for the C 60 molecules, enforcing the formation of the pentagonal B and D molecular features. The DS motifs are additional potential adsorption sites with local 5-fold symmetry. Because they correspond to a vacancy site, it is reasonable to assume that C 60 adsorbed on a DS motif will appear with a darker contrast, potentially explaining the pentagonal motifs of type D. In addition, the D motifs always ARTICLE appear with the same orientation, a characteristic that is shared with DS motifs. Other P tiles with no vacancy site in their center should thus correspond to B motifs. The density of dim C 60 has been estimated from STM images and is about 0.25 to 0.3 per nm 2 . These numbers are similar to the average density of DS sites estimated from bulk structure models of the iÀAlÀPdÀMn QC, giving further support to our interpretation. 10 In addition, the shortest distance between two dim molecules is about 1.2 nm, corresponding to the frequent distance between two DS sites. All these experimental observations converge toward the interpretation that dim molecules are C 60 adsorbed at DS sites, while bright molecules are adsorbed at WF sites, defining the nodes of the inflated τP1 tiling. The decoration of the tiling by C 60 according to this model reproduces the basic ingredients of the molecular film structure. However, it generates unrealistically short intermolecular distances. For example, the two sites connected by the short diagonal of the R tile (Figure 4a ) cannot be occupied simultaneously, as it would generate an NN distance of 0.78 nm between two C 60 , which is too short. This introduces some disorder in the decoration of the inflated quasilattice. This disorder is not of positional type but is due to the fractional occupancy of some of the trap sites of the quasilattice, because of a closeness condition between two adjacent molecules (i.e., the distance between two C 60 should not be smaller than about 0.9 nm due to repulsive van der Waals interactions). Note also that the molecular film results in the decoration of a unique quasilattice; therefore there are no boundaries resulting from the coalescence of overlayer domains or islands.
STM images of the substrate at submonolayer coverage provide additional support to the structure model (Figure 4b ). The structure of the QC surface can clearly be resolved, and one can connect the WF centers to build part of the τP1 tiling with a 1.26 nm edge length. Individual C 60 molecules appear as bright spots located most frequently at the node of this tiling or at the center of the P tiles, thus confirming the determination of the preferred adsorption sites as WF and DS motifs.
To get further insight into the adsorption mechanism, structural, energetics, and electronic structure calculations have been performed within the DFT framework using dispersion-corrected functionals. 26, 27 The surface model is constructed from a cut through a bulk structure model of a 2/1 rational approximant to the AlÀPdÀMn icosahedral QC as explained by Kraj c i et al. 25 The 2/1 approximant is obtained by the cut-andprojection technique using the KatzÀGratiasÀBoudard model of the bulk QC phase. 24 The slab model of the surface contains 205 atoms per cell, and the surface cell contains both WF and DS motifs. The adsorption energies of a C 60 molecule on these two sites have been calculated for several likely adsorption geometries. Among the configurations considered, the two most stable ones correspond to a C 60 adsorbed with a pentagonal face on top of either a WF or a DS motif. In the case of the DS site, the lowest adsorption energy (E ad = À3.20 eV) is found when the pentagonal face of the C 60 is aligned with the pentagon formed by the five Al atoms of the DS. A rotation of the molecule by 36°a round the surface normal (C and Al pentagons pointing in opposite directions) leads to a far less stable configuration (E ad = À1.57 eV). The adsorption energy on the WF sites is slightly higher than on DS sites (E ad = À2.90 eV) and is much less sensitive to the relative orientation (either aligned or in head to tail configuration) of the C pentagonal face with respect to the Al pentagonal motif lying slightly below the central Mn atom. On both sites, adsorption configurations of the ARTICLE C 60 with a hexagonal face down or on a CÀC bond are much less stable (E ad ranging from À2.29 to À1.61 eV). The calculated distance between the centroid of the C pentagonal face and the Mn central atom of the WF is 0.173 to 0.177 nm depending on the azimuthal angle. When adsorbed at the DS site, the C 60 molecule lies closer to the surface (distance between the centroids of the surface Al pentagon and the C pentagonal face = 0.109 nm). This supports our interpretation that the dim molecules are C 60 adsorbed at DS sites, while C 60 adsorbed at WF sites would appear brighter in STM images.
To get insight into the bonding mechanism, the charge density differences have been calculated to show how the charges are redistributed upon C 60 adsorption. The charge density difference is obtained by subtracting the densities of the bare surface and the isolated C 60 monolayer from the density of the adsorbateÀsubstrate system. The results are shown in Figure 5 for the two most stable configurations and for a meaningful value of the charge density isosurface. When a C 60 is adsorbed on a DS site (Figure 5a ), the bonding charge density is mainly localized between five C atoms and the five Al atoms of the DS as well as in the region directly underneath the C 60 . The charge accumulation is rather directional along the CÀAl bonds. Note that the C atoms involved are not those forming the pentagonal face but lateral C atoms involved in adjacent 6:6 bonds connecting the surrounding five hexagonal facets. When adsorbed on a WF site, the bonding charge is mainly localized in the interface region between the C pentagonal face and the Mn atom located at the center of the WF motif (Figure 5b ).
The largest electron accumulation zone lies below the C pentagonal face in the interfacial plane and is bracketed by electron depletion zones above and below. The 5-fold symmetry of the electron density redistribution is obvious for both adsorption sites. The change in the electron density is mostly confined to the top surface layer, the bottom part of the C 60 , and the interface region. These charge density differences suggest a covalent or iono-covalent character of the bond between the molecule and the substrate.
The calculated projected densities of states (PDOS) on C 60 before and after adsorption are shown in Figure 5c and d. At DS sites, the shape and/or positions of the highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO, respectively) are modified upon adsorption, and new electronic states can be seen at the Fermi level. The DOS projected on the five C and the five Al atoms involved in the bonding shows that these additional states arise from strong sp hybridization (Figure 5c ). At WF sites, the HOMO is shifted toward higher binding energies and the LUMOderived band is shifted below the Fermi level, consistent with electron transfer from the substrate to C 60 (Figure 5d) . Interestingly, the shifts are larger than those usually observed for C 60 on noble metal surfaces and differ at DS and WF sites. For an isolated C 60 , it is known that the electron charge density is higher on 6:6 CÀC bonds connecting hexagonal facets than on 6:5 CÀC bonds connecting pentagonal and hexagonal facets. 28 The C atoms involved in the bonding appear to be those involved in 6:6 bonds at DS sites and in 6:5 bonds at WF sites. This suggests that the bonding is more favorable between electron-poor Al substrate ARTICLE atoms and electron-rich 6:6 bonds at DS sites as well as between the electron-rich Mn atom and the electron-deficient 6:5 bonds at WF sites. In agreement with this picture, the DOS projected on the five C atoms, the five Al atoms, and the Mn atom involved in the bonding at WF sites show strong spd hybridization between C and Mn atoms and a lesser degree of hybridization with the Al atoms.
CONCLUSION
In summary, we show that the complex potential energy landscape of quasicrystalline surfaces allows the templated self-assembly of C 60 molecules into long-range quasiperiodic thin films. This is observed on four different Al-based quasicrystalline surfaces and thus appears to be rather general. The quasiperiodicity in the molecular films is mediated by preferred adsorption at specific quasilattice sites identified as truncated cluster sites exhibiting local 5-fold symmetry. Therefore symmetry matching at the moleculeÀ substrate interface is an essential parameter in the determination of the preferred adsorption sites and the propagation of the quasiperiodic order into the molecular films. In addition, these sites are separated by distances that are compatible with intermolecular distances, avoiding strong van der Waals repulsion. At a local scale, DFT calculations indicate that the most favorable adsorption configurations at these sites correspond to molecules contacting the substrate with the electron-deficient pentagonal C face, allowing efficient electron transfer from the substrate to the C 60 . This feature is probably specific to QC surfaces (and possibly to their approximants). Indeed C 60 adsorption on normal crystalline surfaces allows symmetry matching only with either 2-fold or 3-fold symmetry axis, corresponding to adsorption geometries where the molecule lies either on a 6:6 CÀC bond or on a hexagonal face. 28 On QC substrates, one expects most of the C 60 to be adsorbed on a pentagonal C face, and this should influence the properties of the molecular film in a unique way. These results could be expanded by functionalizing the molecules to investigate the physical properties of model 2D quasiperiodic systems, for example to study magnetic frustration on a quasiperiodic lattice by using endohedral fullerenes with magnetic moments.
